Purpose To evaluate hypotheses which explain phenotypic variability in sex determining region Y positive 46,XX males. We investigate two 46,XX males without gonadal ambiguities. Methods Cytogenetic and molecular analyses were used to identify the presence of Y chromosome material and to map the translocation breakpoint. Finally, the pattern of X chromosome inactivation was studied using the methylation assay at the androgen receptor locus.
Introduction
Testicular differentiation in humans is determined by the sex determining region Y (SRY) gene located on the Y chromosome. The SRY gene is first expressed in the male genital ridge, with continued expression into adulthood in Sertoli cells and germ cells [1, 2] . The sex chromosomes pair during paternal meiosis, where meiotic recombination facilitates the exchange of genetic material between the pseudoautosomal regions [3] . However, the erroneous exchange between homologous but normally non-recombining regions can also occur resulting in the transfer of differing amounts of Y chromosome material, including the SRY gene, most often to the short arm of the X chromosome, leading to a 46,XX male phenotype [4, 5] .
XX maleness is a rare genetic condition affecting one in 24,000 newborn males [6] . XX maleness is a genetically heterogeneous condition. The SRY gene is present in the majority of patients [7] , although several studies have shown that approximately 10% of patients lack Y material, including the SRY gene [8, 9] . While the majority of XX males are carriers of an X/Y translocation, XX maleness may also arise as a consequence of a genetic mutation permitting testicular differentiation in the absence of SRY, or result from undetected mosaicism for a cell line carrying the Y chromosome [4, [10] [11] [12] . Previously, we found a 46, XX male infant without the presence of the SRY gene, derived from intracytoplasmic sperm injection (ICSI) [13] . Whether ICSI had enhanced the production of this 46,XX male is unclear.
The phenotype of the XX male varies greatly. Some XX males may have normal internal and external male gonads [14] , whereas others may have small testes, abnormal secondary sexual characteristics [6] , and hypospadias [15] [16] [17] . Most men are diagnosed in adulthood due to infertility caused by azoospermia [6] . A small proportion of SRY positive XX individuals are true hermaphrodites [18, 19] . It is not yet clear how one genotype can give rise to different phenotypes. It has been proposed that the variation in phenotype observed in SRY positive XX individuals is primarily dependent on X chromosome inactivation (XCI) pattern and the amount of Y material that has been translocated to the X chromosome, or a combination of both [18, 20, 21] . Therefore, a more masculine phenotype is expected when the Y bearing X chromosome preferentially escapes inactivation and when more Y chromosome material is present on the X, presumably protecting the SRY gene from the spread of inactivation [18, 20, 21] . However, more recently, another mechanism, known as the position effect, has been proposed to delineate the observed phenotypic differences [ 22] . Under this hypothesis, the phenotypic differences are dependent on the proximity of the breakpoint to the SRY gene as well as the presence or absence of cryptic rearrangements affecting the expression of the SRY gene [22] .
Here we report on two 46,XX males with a different amount of Y chromosome material on the short arm of one of the X chromosomes. The correlation between phenotype, the location of the breakpoint on the short arm of the Y chromosome and the pattern of X chromosome inactivation is discussed. We evaluate the proposed hypotheses that explain the phenotype-genotype correlation in SRY positive XX patients.
Materials and methods

Patient information
Patient 1
A 24-year-old male with a karyotype of 46,X,add(X) (p22.3) was diagnosed by cytogenetic analysis of G-banded peripheral lymphocytes. The presence of SRY was confirmed by fluorescence in situ hybridization (FISH) analysis making the final karyotype 46,X,add (X)(p22.3).ish der (X) t(X;Y)(p22.3;p11.32)(SRY). The patient underwent cytogenetic analysis because of primary infertility and azoospermia. Physical analysis revealed gynecomastia and small testes, each less than 5cc. He had a seminal volume of 0.5 ml with elevated FSH (55.4 U/L) and LH (28.4 U/L), and normal testosterone level (39.7 pmol/L). The patient is a carrier of the I148T cystic fibrosis mutation.
The patient's family, his father, mother, brother and sister, also underwent cytogenetic analysis. The fertility status of the younger brother and sister are unknown.
Patient 2
A 24-year-old male underwent cytogenetic analysis for delayed puberty. Physical analysis of the patient revealed gynecomastia, small testes and a small penis. The patient had scanty auxiliary and pubic hair, which showed female distribution. He had no facial hair growth. Testicular ultrasound showed presence of both testes in the scrotal sac and an absence of female organs. The patient's FSH and LH were elevated, while testosterone was normal. There was no sperm in the semen. The patient's family history was unknown. Family members were unavailable for study.
This study was conducted with the approval of the Clinical Ethics Board at the University of British Columbia and included informed consent from all participants of the study.
Cytogenetic and molecular analysis
Cytogenetic analysis was carried out on stimulated peripheral lymphocytes by standard methods. Eleven G-banded metaphase spreads were analyzed for each individual. FISH analysis was performed on metaphase spreads obtained from patient 2. The following probes were used: CEPX (green), CEPY (orange), SRY gene (Yp11.1) (orange) (Vysis Inc., Downers Grove, IL, USA). DNA was extracted from peripheral lymphocytes from the patients and patient 1's family members using standard salt extraction methods. As additional material was observed from cytogenetic analysis on one of the X chromosomes of patient 1, comparative genomic hybridization (CGH) was performed to characterize and confirm the origin of the rearrangement. CGH was performed as previously described [13] .
Mapping and analysis of Y chromosome sequences
The Y chromosome breakpoint was mapped by the polymerase chain reaction (PCR) by amplifying sequence tagged sites (STS) spanning the Yp arm: sy14 (SRY), sy19 (ZFY), sy57, sy65, sy69 (PRKY), sy72 and sy78. Additional markers were tested in patient 2: sy24, sy35, sy43, sy48, sy52, sy173 and sy54. Amplification conditions and analysis were performed as previously described [23] . All primer sequences have been previously published and are available online from GenBank. X chromosome inactivation XCI pattern was measured for the patients using the methylation assay at the androgen receptor (AR) locus as previously described [13, 24] ; however, the fluorescent primer was labeled with 6FAM (Sigma-Genosys, Oakville, ON). Genomic DNA was digested with methylation sensitive enzymes, HpaII (2.5U) (New England Biolabs, Ipswich, MA) with a secondary cutter RsaI (1U) (New England Biolabs, Ipswich, MA) in a total reaction volume of 10 µl. An undigested control was prepared using similar reagents except for the HpaII enzyme. The digests were incubated at 37°C overnight prior to PCR amplifications with a set of fluorescently labeled primers. The PCR products were analyzed on a 3130 Genetic Analyzer (Applied Biosystems Canada, Streetville, ON). Peaks were analyzed using the Peak Scanner Software v1.0 (Applied Biosystems Canada, Streetville, ON) and the degree of skewing was calculated according to the peak areas.
Results
Additional material can be seen attached to the short arm of one of the X chromosomes at band p22.3 ( Fig. 1) in patient 1. Patient 1's family members all had a normal karyotype. CGH analysis of the patient's DNA showed a gain of the Y chromosome p arm (Fig. 2) , confirming the origin of the additional material identified on one of the X chromosomes by cytogenetic analysis.
Cytogenetic analysis of patient 2 revealed a 46,XX karyotype. FISH analysis showed the presence of two copies of CEPX, absence of CEPY, and the presence of the SRY gene on one of the X chromosomes (result not shown). The karyotype was established to be 46,XX.ish der (X)t(X;Y)(p22.3;p11.2) (SRY). It is probable that both patients' abnormal X chromosomes had originated from a de novo event, most likely occurring during meiosis I in spermatogenesis of their fathers.
PCR analysis of the Y chromosome confirmed the presence of the SRY gene (sy14) in both patients. The translocation breakpoint of the Y chromosome was mapped to the third interval of Yp in both patients. The breakpoint in patient 1 was more proximal to the centromere, located between markers sy57 and sy69; in patient 2 the breakpoint was located between markers sy52 and sy173 (Table 1) . Due to a lack of Y-specific STSs between intervals 2B and 3B, more accurate breakpoint analysis in patient 2 could not be performed. In both cases a large portion of the Y chromosome p arm was translocated to the X chromosome, with the breakpoint localized away from the SRY gene. XCI analysis in the two patients showed two different patterns of inactivation. The XCI pattern in patient 1 was random as the skewing was estimated to be 56%, while the XCI pattern in patient 2 was non-random estimated to be 88%.
Discussion
The amount of the translocated Y chromosome likely determines whether the exchange is visible on cytogenetic analysis, such as in patient 1 reported here (Fig. 1) . The additional material on the X chromosome in patient 1 was identified as Y chromosome in origin by CGH analysis (Fig. 2) . Although CGH has been successfully used to identify Y chromosome material in XX cases [25] , it is unable to identify the breakpoint region. More detailed molecular analysis allowed mapping of the Y chromosome breakpoint to interval 3 in both patients; however, a larger Yp fragment was translocated in patient 1 compared to patient 2 (Table 1) . Based on the breakpoint location, the patients were classified as class 3 XX males [26] . Class 3 XX males are most common due to the presence of a recombination hotspot within this region [21, 27] .
The phenotype of SRY positive XX males can vary greatly from a classical male phenotype, to a male with genital ambiguity, to a true hermaphrodite [18, 28] . However, factors responsible for the phenotypic variation have not yet been identified. The amount of translocated Y chromosome material and the pattern of X chromosome inactivation (XCI) have been proposed to play a role [21] . An association of skewed XCI against the Y-bearing X chromosome has often been observed in true hermaphrodites and in XX patients with gonadal ambiguity [7, 12, 14, 18, 29] . These patients normally have a small portion of the Y chromosome material translocated to the X, presumably allowing for XCI spreading and inactivating the SRY gene. A male phenotype without genital ambiguities is expected to result from a larger Yp SRY bearing fragment being translocated to the X chromosome, where the length of the Yp fragment may protect the SRY gene from silencing by the spread of XCI [18] . However, there is little evidence for XCI spreading into the Yp chromatin in humans [22] , thus opposing the hypothesis of XCI affecting SRY expression. In the literature there is no consensus on the association of 46,XX males with a specific XCI pattern, as both random [12, 29, 30] and non-random [31] XCI patterns have been reported in 46,XX males with a normal male phenotype. A lack of association between XCI pattern and phenotype was also observed in the analysis of the two 46,XX males presented in this report. Both men did not have gonadal ambiguities, and had opposing XCI patterns, random in one (56%) and non-random (88%) in the other. However, we were unable to analyze the XCI pattern in the patients' gonads as this would have required a testicular biopsy in patients with a compromised testicular environment, such as absence of germ cells and abnormal hormone production. It is possible that tissue specific XCI patterns exist and may differ between blood and testis. At this time we do not know whether the XCI patterns differ between blood and testis in the two patients. The implications of the possible difference on the phenotype are also unclear. In general, individuals with non-random XCI may be more prone to Xlinked disorders than those with random XCI [32] . Even though the XCI pattern may not be associated with the XX male phenotype, there may be other implications for the pattern of skewing in XX individuals.
Phenotypic variability in XX males may be explained by the position effect. Normal expression of SRY may be disrupted by the close proximity of the Yp breakpoint and the presence of cryptic rearrangements affecting the expression of the SRY gene, which would result in genital ambiguities and true hermaphrodism [22] . Alternatively, a breakpoint situated either away from the SRY gene or in the absence of cryptic rearrangements would favor a male phenotype [22] , as seen in our patients and other published data [20, 22] . The position effect could further be supported in our study by expression data, most importantly looking at the expression of the SRY gene. However, a fresh blood sample for gene expression analysis was not available from either one of the patients we studied.
XX males may come more often to the attention of fertility specialists because of the wider application of infertility treatments. These patients, however, are not only infertile but are sterile. The testicular biopsies performed on 46,XX males have revealed a complete lack of spermatogenic cells with only Leydig and Sertoli cells being present [7, 12, 14, 28] . Spermatogonia are present at birth but disappear in XX male patients before puberty [17, 18] . The lack of germ cells likely explains the presence of small testes often associated with XX maleness.
As part of infertility treatment, it has been recommended for infertile patients to receive genetic testing for cystic fibrosis. It is well accepted that mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene are associated with congenital bilateral aplasia of the vas deferens (CBAVD) and consequently azoospermia. However, the relationship between the occurrence of CFTR mutations in infertile men without CBAVD is not as clear. An increase in the incidence of CFTR mutations has been reported by some studies in patients affected by infertility [33, 34] , but not by others [35, 36] . The I148T mutation, present in patient 1, is a rare CFTR mutation, and results in cystic fibrosis when present as a compound heterozygote with the 3199del6 mutation [37] . The association of a heterozygous I148T mutation with male infertility or a mild form of cystic fibrosis is possible but inconclusive and requires further study [37, 38] . Infertility in our patient carrier is due to the absence of the long arm of the Y chromosome and the AZF region genes, known to be crucial for spermatogenesis.
Conclusions
We demonstrated a lack of XCI pattern association with phenotype in two 46,XX males. This analysis shows support for the position effect hypothesis explaining the phenotypic variability in XX males based on the breakpoint proximity to the SRY gene and the absence of cryptic rearrangements. We recognize that the XCI pattern was only tested in the leukocytes of the patients and may be tissue specific. Molecular analysis of the Yp fragment in XX male patients will allow accurate comparison of the published cases to further support or refute the hypothesis.
